Antifolates have been used to treat cancer for the last 50 years and remain the mainstay of many therapeutic regimes. Nucleoside salvage, which depends on plasma membrane transport, can compromise the activity of antifolates. The cardiovascular drug dipyridamole inhibits nucleoside transport and enhances antifolate cytotoxicity in vitro, but its clinical activity is compromised by binding to the plasma protein α 1 -acid glycoprotein (AGP). We report the development of a novel pyrimidopyrimidine analogue of dipyridamole, NU3153, which has equivalent potency to dipyridamole, remains active in the presence of physiologic levels of AGP, inhibits thymidine incorporation into DNA, and prevents thymidine and hypoxanthine rescue from the multitargeted antifolate, pemetrexed. Pharmacokinetic evaluation of NU3153 suggested that a soluble prodrug would improve the in vivo activity. The valine prodrug of NU3153, NU3166, rapidly broke down to NU3153 in vitro and in vivo. Plasma NU3153 concentrations commensurate with rescue inhibition in vitro were maintained for at least 16 hours following administration of NU3166 to mice at 120 mg/kg. However, maximum inhibition of thymidine incorporation into tumors was only 50%, which was insufficient to enhance pemetrexed antitumor activity in vivo. Comparison with the cell-based studies revealed that pemetrexed enhancement requires substantial (≥90%) and durable inhibition of nucleoside transport. In conclusion, we have developed non-AGP binding nucleoside transport inhibitors. Pharmacologically active concentrations of the inhibitors can be achieved in vivo using prodrug approaches, but greater potency is required to evaluate inhibition of nucleoside rescue as a therapeutic maneuver. [Mol Cancer Ther 2009;8(7): 
Introduction
Antimetabolites were the first rationally designed anticancer drugs and still represent a major class with wide therapeutic applications today. In addition to methotrexate, several novel antifolates have been recently introduced to the clinic (reviewed in ref. 1) . However, salvage of extracellular purine or pyrimidine nucleosides or bases constitutes an intrinsic resistance mechanism to antimetabolite inhibitors of de novo purine or pyrimidine biosynthesis. There is good evidence that the activities of salvage enzymes in cancer cells are higher than those of de novo synthesis (2) . Furthermore, resistance to antimetabolites by virtue of the activity of salvage pathways increases in parallel with malignancy (3). More importantly, several preclinical studies show that nucleoside and nucleobase salvage by thymidine kinase (TK) and hypoxanthine-guanine phosphoribosyltransferase compromises the antitumor activity of antifolates. For example, the thymidylate synthase inhibitor AG337 was more active against xenografts deficient in TK than in tumors expressing this enzyme (4) . Similarly, pemetrexed completely inhibited the growth of the TKdeficient and hypoxanthine-guanine phosphoribosyltransferase-deficient tumor (LY5178Y/TK − /HX − ), but higher and longer dosing schedules were required to inhibit tumor growth in mice bearing wild-type LY5178Y tumors (5) . Furthermore, whereas pemetrexed had only modest activity against parental GC3 xenografts at the maximum tolerated dose, it caused marked regressions of GC3 TK-deficient xenografts (6) .
Nucleoside salvage is dependent on transport across the plasma membrane, with the principal route being carriermediated facilitated diffusion mediated by the widely distributed equilibrative transporters, ENT1 and ENT2, with broad selectivities, and the concentrative nucleoside transporters, CNT1, CNT2, and CNT3, which vary in their permeant selectivities and distribution (7) . Hypoxanthine may enter via ENT2 or another thus far unidentified carrier. The pyrimidopyrimidine cardiovascular drug dipyridamole ( Fig. 1 ) inhibits equilibrative nucleoside transporters (7, 8) .
Several studies show that dipyridamole significantly increases the cytotoxic and antitumor activity of a variety of inhibitors of de novo nucleotide synthesis by blocking uptake of nucleosides for salvage (reviewed in ref. 9 ). Moreover, by blocking nucleoside efflux dipyridamole can also exacerbate antifolate-induced nucleotide pool imbalances and increase their cytotoxicities (10) .
The promise of these preclinical studies, which showed the potential to enhance the efficacy of antimetabolites with dipyridamole, was not realized clinically. Lack of clinical efficacy was due in part to the avid binding of dipyridamole to the serum protein α 1 -acid glycoprotein (AGP), which reduces the free dipyridamole levels to ineffective concentrations (11) . In cancer patients, AGP levels are increased, thereby exacerbating the problem. In two clinical studies in which dipyridamole was administered, with the aim of increasing antimetabolite activity, the total plasma concentrations of dipyridamole were 12 and 16 μmol/L, but the free plasma concentrations were only 27 and 38 nmol/L, respectively (12, 13) .
As part of a program to develop potent pyrimidopyrimidine analogues of dipyridamole with reduced AGP binding, we have optimized our initial lead compound, NU3076, a pyrimidopyrimidine that has comparable potency to dipyridamole without being affected by AGP (14) . Several analogues that inhibit nucleoside transport even in the presence of physiologic concentrations of AGP were identified (15) . Two of these analogues, NU3108 and NU3121, inhibited thymidine and hypoxanthine rescue from pemetrexed cytotoxicity in the presence and absence of AGP but, following the administration to mice at the maximum administrable dose, the plasma concentrations required for inhibition of thymidine incorporation, and hence rescue, into human tumor xenografts were only maintained for 2 hours (16). Our in vitro studies indicated that more prolonged and profound inhibition of thymidine incorporation was necessary for in vivo rescue inhibition. To overcome the restriction of the maximum administrable dose, due to the limited aqueous solubility of NU3108 and NU3121, we developed more soluble analogues. NU3144 ( Fig. 1 ) was developed as a watersoluble prodrug of NU3108, based on a glycine carbamate, by hydrolyzing the ester to the carboxylic acid and formulating as a sodium salt. The observation that NU3144 was also more potent than the parent NU3108 prompted the synthesis of further arylcarbamates, including NU3150, NU3151, and NU3153 (Fig. 1) .
We describe here the ability of all four compounds to inhibit thymidine uptake and prevent thymidine and hypoxanthine rescue from pemetrexed-induced growth inhibition in vitro. Based on these data, NU3153 and its water-soluble prodrug were taken into in vivo pharmacokinetic, pharmacodynamic, and efficacy studies.
Materials and Methods

Materials
All chemicals were from Sigma unless otherwise stated. Pemetrexed, a kind gift from Eli Lilly and Co., was dissolved in water. Thymidine, hypoxanthine, and dipyridamole were dissolved in water, 0.1 mol/L NaOH, and 100% DMSO, respectively. All solutions were stored in the dark at 4°C for a maximum of 4 wk. Novel nucleoside transport were grown in RPMI 1640 supplemented with 1,000 units/mL penicillin, 100 μg/mL streptomycin (Life Technologies), and 10% (v/v) FCS. All cells were maintained as exponentially growing cultures and shown to be negative for Mycoplasma contamination (MycoAlert, Lonza).
Thymidine Transport Assays
We used a modified rapid mixing technique, combined with an inhibitor-stop method, to determine thymidine uptake into L1210 murine leukemia cells, as described previously (14, 17 3 H]thymidine in the extracellular space that was carried through the oil layer.
The percentage reduction in inhibitory potency of the compounds by AGP was calculated as follows: 100 − 100 × (% inhibition of thymidine uptake with AGP) / (% inhibition of thymidine uptake without AGP).
Thymidine Incorporation Assays
We measured incorporation of 100 nmol/L [ 3 H]thymidine into exponentially growing L1210 and COR-L23 cells over a period of 2 h in the presence or absence of inhibitors as described previously (18 3 H]thymidine (final concentration, 100 nmol/L; specific activity, 6.2 GBq/mmol). After 2 h of incubation at 37°C, the plates were centrifuged and washed gently twice with ice-cold PBS, with centrifugation between washes, before solubilization, harvesting, and counting as described above.
Growth Inhibition Assays
We seeded 1 × 10 3 exponentially growing COR-L23 cells in 100 μL medium per well into 96-well plates and, after overnight attachment, replaced the medium with that containing 200 nmol/L pemetrexed (a concentration that inhibited growth by ∼50%) in the presence or absence of 1 μmol/L thymidine, 10 μmol/L hypoxanthine, and 1% (v/v) DMSO with or without 1 μmol/L inhibitor for 72 h (approximately three cell doubling times). All experiments were conducted in the presence of undialyzed serum as dialysis may remove additional factors required for optimum growth as well as salvageable nucleosides and bases. We fixed the cells and measured growth using the sulforhodamine B assay as described previously (19) . The ability to reverse thymidine and hypoxanthine rescue was expressed as a percentage of reversal using the following formula: % Reversal = 100 × (growth in pemetrexed + thymidine + hypoxanthine − growth in pemetrexed + thymidine + hypoxanthine + inhibitor) ÷ (growth in pemetrexed+thymidine + hypoxanthine − growth in pemetrexed alone).
Tumor Models
All of the in vivo experiments were reviewed and approved by the relevant institutional animal welfare committ e e a n d
d o ne a c c o rd i n g t o t h e U ni t e d K i n g d o m
Coordinating Committee on Cancer Research Guidelines for the Welfare of Animals in Experimental Neoplasia (second edition) and national law. We did pharmacokinetic studies in female 8-to 10-wk-old BALB/c mice (Charles River). We determined tissue distribution, pharmacodynamics, and efficacy in female athymic CD1 nude mice (Charles River) implanted with COR-L23 xenografts (1 × 10 7 cells in 50 μL of PBS injected s.c. into the flank) and maintained and handled in isolators under specific pathogenfree conditions.
Pharmacokinetic Studies
We injected mice with nucleoside transport inhibitors (NU3144, NU3150, NU3151, and NU3153) i.p. at 10 mg/kg in a vehicle of 40% (v/v) polyethylene glycol 400 in sterile saline. We bled mice by direct cardiac puncture under terminal anesthesia at selected time points after treatment (5-360 min, three mice per time point). Blood was collected into heparinized tubes and then the plasma was separated and stored at −20°C. We extracted aliquots of plasma (50 μL) with 3 volumes of acetonitrile and applied 50 μL of the supernatant to a 10 × 0.46 cm Genesis C18 4-μm column (Jones Chromatography) fitted with an in-line filter. Compounds were eluted with a mobile phase of 20 mmol/L sodium acetate (pH 5)/acetonitrile at 1 mL/min using a Waters Alliance high-performance liquid chromatography system. Analytes were detected by fluorescence at 450 nm following excitation at 292 nm using a Hewlett-Packard series 1100 fluorescence detector (Agilent Technologies). We determined total (free and protein bound) drug concentrations using linear standard curves (0.05-10 μmol/L; r 2 > 0.98 in all cases) generated by extracting compounds from human plasma, with an extraction efficiency of ∼100% for all compounds (97-103%), and calculated pharmacokinetic parameters using a noncompartmental model with terminal elimination rate estimated by log-linear regression.
Estimation 08 μmol/L) in saline via the tail vein. At the end of the experiment, we bled the mice under terminal anesthesia and blood samples were treated as described above. The tumor was removed, placed in foil, frozen in liquid nitrogen, and stored at −80°C before analysis for [ 3 H]thymidine incorporation and determination of drug concentrations. We homogenized the tumor samples in 3 volumes of saline and determined drug levels in 50 μL of homogenate extracted with 19 volumes of acetonitrile, 900 μL of the corresponding supernatant were evaporated to dryness under nitrogen, and samples were reconstituted in 90 μL mobile phase and 50 μL was analyzed by high-performance liquid chromatography as described above. We measured [
3 H]thymidine incorporation in 500 μL tumor homogenate following precipitation with ice-cold 1 mol/L perchloric acid and subsequent solubilization of the pellet in 1 mL of 1 mol/L NaOH and neutralization with 1 mol/L acetic acid using liquid scintillography by reference to a 20.8 pmol [
3 H]thymidine standard (1.78 TBq/mmol). Thymidine incorporation was calculated as pmol/g tumor and expressed as a percentage of incorporation into vehicle control tumor samples.
Determination of Antitumor Activity In vivo We treated CD1 nude mice bearing COR-L23 human tumor xenograft (n = 5/group) when tumors were palpable (∼0.5 × 0.5 cm, 10-12 d after implantation). We injected mice i.p. with normal saline (control) or pemetrexed, at 1,000 mg/kg/wk for 3 wk in saline, either alone or in combination with 100 mg/kg NU3166 administered i.p. both concomitantly and again 24 h after pemetrexed. Tumor volume was calculated from two-dimensional caliper measurements using the equation a 2 × b/2, where a is the smallest measurement and b the largest. Data are presented as median relative tumor volumes (RTV), where the tumor volume on the initial day of treatment (day 0) is assigned a RTV value of 1 in accordance with the following formula: RTV = Tumour volume on day of observation/tumour volume on day 0.
Results
Inhibition of Thymidine Transport
Determination of the inhibition of the equilibrative transport of thymidine into L1210 cells by pyrimidopyrimidine nucleoside transport inhibitors at a standard concentration of 1 μmol/L showed that all had equivalent or greater potency than dipyridamole in the absence of AGP. Moreover, whereas the potency of dipyridamole was reduced by 66% in the presence of physiologically relevant concentrations of AGP, AGP had no significant effect on the potency of the novel inhibitors ( Fig. 2A) .
Our previous studies indicated that inhibition of thymidine transport in L1210 cells correlated with the reversal of thymidine and hypoxanthine rescue in pemetrexed-treated COR-L23 cells (16) . However, we wished to investigate if inhibition of thymidine incorporation in COR-L23 cells correlated equally well or better with inhibition of thymidine rescue. We investigated thymidine incorporation in both L1210 cells, as a direct comparison with the thymidine transport assay, and in COR-L23 cells, as a direct comparison with growth inhibition assays. In general, the data obtained at 1 μmol/L inhibitor were similar in all assays and there was no detectable difference in the inhibition of nucleoside incorporation in COR-L23 cells compared with L1210 cells (Table 1) . In uptake studies, all of the inhibitors were equivalent to or more potent than dipyridamole at 1 μmol/L and NU3153 was the most potent inhibitor of thymidine incorporation in both cell lines (Supplementary Fig. S1 ). 3 
Growth Inhibition Assays
The promising potency of the inhibitors in the thymidine transport and incorporation assays led us to investigate their abilities to prevent thymidine and hypoxanthine rescue from pemetrexed-induced growth inhibition. We have previously characterized thymidine and hypoxanthine transport in COR-L23 cells: thymidine uptake, mediated by both ENT1 and ENT2, is inhibited by dipyridamole, but hypoxanthine uptake is insensitive to dipyridamole (20) . All compounds, with the exception of NU3144, caused a >100% reversal of thymidine and hypoxanthine rescue in 3 Supplementary material for this article is available at Molecular Cancer Therapeutics Online (http://mct.aacrjournals.org/). COR-L23 cells treated with pemetrexed (i.e., growth in the presence of inhibitor and rescue agents was less than that following exposure to pemetrexed alone; Fig. 2B ). We presume this was partly due to the presence of thymidine and hypoxanthine in the control medium by virtue of the serum component. Additionally, inhibition of deoxyuridine efflux leading to higher intracellular dUTP, and hence dUTP misincorporation and DNA breaks, as described previously (10) , may also contribute to the >100% reversal. NU3144 was significantly less potent than expected from the transport and incorporation data and, on further investigation, was found to be unstable in culture medium (Supplementary Fig. S2 ). 3 
Preclinical Evaluation of Nucleoside Transport Inhibitors
Plasma Pharmacokinetics
We determined the pharmacokinetics of the lead compounds following an i.p. bolus dose in BALB/c mice. The total plasma concentration time data are shown in Fig. 3A . In all cases, there was evidence of precipitation of compound in the peritoneal cavity at the time of bleeding and this is likely to explain the variability of the data and the lack of first-order pharmacokinetics. NU3144 was not measurable in the plasma. Stability studies confirmed that in vitro incubation in control mouse plasma led to breakdown of NU3144 with a half-life of ∼24 hours (Supplementary Fig. S2 ). 3 A total plasma concentration of ≥1 μmol/L, commensurate with that required for inhibition of thymidine incorporation and reversal of thymidine rescue in vitro, was only achieved with NU3153 (Fig. 3A) . Slow absorption of this compound led to steady state being reached at ∼90 minutes, and levels above 1 μmol/L were maintained for at least 6 hours.
Pharmacodynamic Studies with NU3153 Total plasma concentrations of NU3153 were achieved that were predicted, based on in vitro data, to be able to inhibit thymidine uptake for at least 6 hours after administration. We therefore investigated the distribution of this compound and inhibition of thymidine incorporation into tumor tissue following administration of 10 mg/kg i.p. as a single dose or as two doses 8 hours apart. Total plasma levels in this study were only 0.5 μmol/L at 4 hours compared with 1.3 μmol/L in the original pharmacokinetic study (Fig. 3A) , which may reflect previously observed strain differences (16) . Although tumor-associated drug levels approached 1 μmol/L 8 hours after the second dose of NU3153, these were not maintained (Fig. 3B) . Inhibition of thymidine incorporation into the tumor was consistent with the lower than expected concentrations of NU3153 detected in plasma and tumor tissue. In control mice, [ 3 H]thymidine incorporation was 1.72 ± 0.64 pmol/g tumor. After a single dose of NU3153, thymidine incorporation into COR-L23 tumors was decreased by 44% to 0.95 ± 0.34 pmol/g at 4 hours and 55% to 0.78 ± 0.02 pmol/g at 8 hours. Eight hours after the second dose, thymidine incorporation was inhibited by 32% to 1.17 ± 0.16 pmol/g. This level of inhibition was maintained such that 16 hours after the second dose thymidine incorporation was still inhibited by 36% relative to control to 1.10 ± 0.23 pmol/g.
Because of the poor aqueous solubility of NU3153, it was not possible to increase the dose of drug to further inhibit thymidine incorporation. We therefore developed a prodrug of NU3153, the valine ester NU3166, to allow higher doses to be administered with the aim of improving both the duration and magnitude of inhibition of thymidine incorporation in vivo.
Conversion of Prodrug NU3166 to NU3153 In vitro
The valine ester of NU3153, NU3166, was converted rapidly to the parent NU3153 in mouse plasma at 37°C in vitro, with a half-life of 14 minutes for liberation of NU3153 and a half-life of 13 minutes for the breakdown of NU3166 as determined by monoexponential kinetics (Fig. 3C) .
Inhibition of Thymidine and Hypoxanthine Rescue from Pemetrexed by NU3166
NU3166 inhibited thymidine incorporation into COR-L23 cells by 92 ± 2% at 1 μmol/L and with an IC 50 of 44 ± 13 nmol/L. The slightly reduced potency of NU3166 compared with the parent compound, NU3153, reflects the rate of breakdown to the active compound, which was found to be complete after 6 hours of incubation in culture medium containing cells. In agreement with this observation, NU3166 prevented the thymidine and hypoxanthine rescue of cells treated with pemetrexed to a similar extent as NU3153 (Supplementary Fig. S3 ). 3 
Pharmacokinetics of NU3166 and Conversion to NU3153
We determined the pharmacokinetics of NU3166 and NU3153 following both an i.v. and an i.p. bolus dose of NU3166 at 12 mg/kg (equivalent to a 10 mg/kg dose of parent NU3153) in BALB/c mice (Fig. 4A) . NU3166 was rapidly converted to NU3153 following administration by either route. As expected, peak levels of both NU3153 and NU3166 were higher and achieved more rapidly following i.v. administration. The pharmacokinetic parameters for NU3153 after i.p. administration of NU3166 were similar to those observed following an i.p. dose of NU3153, with similar peak level of 1.6 and 1.5 μmol/L, and area under the plasma concentration time curve (AUC) values were 378 and 334 μg/mL.min, respectively ( Table 2) . Administration of NU3166 i.v. resulted in higher peak levels (6.2 μmol/L) and a greater total exposure (AUC of 728 μg/mL.min) to NU3153 than did i.p. administration of either the prodrug or NU3153 itself. The half-life of NU3153 following either i.v. (84 minutes) or i.p. (120 minutes) administration of the prodrug NU3166 was ∼10 times shorter than following i.p. administration of NU3153. Thus, by overcoming the problems of water solubility and the associated peritoneal precipitation, the drug was no longer maintained at the concentrations required for inhibition of thymidine incorporation following a dose of 12 mg/kg.
Increasing the dose of NU3166 to 120 mg/kg i.p. was well tolerated. However, there was a suggestion of nonlinearity of the pharmacokinetics of NU3153 with the apparent clearance of NU3153 being approximately half that seen at 12 mg/kg with a commensurate ∼20-fold increase in AUC. In addition, plasma levels of the parent NU3153 were 2.2 ± 0.7 μmol/L at 24 hours (Fig. 4B) , well above the 1 μmol/L target concentration required for in vitro inhibition of thymidine incorporation. • ), NU3166 alone given weekly on 2 d (120 mg/kg, days 0 and 1, 6 and 7, and 13 and 14; ○ ), pemetrexed alone given weekly (1,000 mg/kg, days 0, 6, and 13; ▴ ), or NU3166 weekly on 2 d (120 mg/kg) and pemetrexed weekly (1,000 mg/kg; ▵). For all experiments, tumor size is presented as the median tumor volume of surviving mice, measured relative to tumor volumes on day 0 (based on five animals per group). Inset, time to RTV 5 for individual mice. Horizontal bar, mean.
Distribution of NU3166/NU3153 to the Tumor and Inhibition of Thymidine Incorporation
We measured the total plasma and tumor concentrations of NU3153 at various times after a single dose or two doses of 120 mg/kg NU3166, administered 24 hours apart (Fig. 4C) . Peak concentrations were seen at 16 hours in both plasma (2.3 ± 0.2 μmol/L) and tumor (2.9 ± 0.4 μmol/L). Plasma concentrations of NU3153 in CD1 nude mice were again lower than predicted from the pharmacokinetic study in BALB/c mice, assuming linear pharmacokinetics, although the 24-hour time point was the only directly comparable time point (0.36 ± 0.08 μmol/L in CD1 versus 2.2 ± 0.71 μmol/L in BALB/c). Nevertheless, the tumor-associated concentrations of NU3153 were >1 μmol/L for at least 16 hours in CD1 mice.
In parallel, we measured the ability of NU3166 to inhibit thymidine incorporation into COR-L23 tumor xenografts (Fig. 4C) . In control untreated mice, [ 3 H]thymidine incorporation was 0.66 ± 0.01 pmol/g tumor. Thymidine incorporation was inhibited by 35% to 55% for up to 48 hours following either one or two doses of NU3166, less inhibition than expected based on the tumor NU3153 concentrations.
Antitumor Activity of NU3166 in Combination with Pemetrexed
The higher tumor-associated concentrations of NU3153 achievable with prodrug administration facilitated a study to investigate the enhancement of pemetrexed activity by NU3166. Control COR-L23 xenografts grew rapidly, reaching a median RTV of 5 by 9 days, and NU3166 alone did not significantly affect tumor growth (time to RTV 5 = 7.5 days; P = 0.8, Mann-Whitney). Pemetrexed extended the time taken to reach RTV 5 to 14 days (5-day growth delay; P = 0.016). The combination also significantly increased time to RTV 5 (13.5 days) compared with saline-treated controls (P = 0.008); however, this growth delay was not significantly different from pemetrexed alone (P = 1.00; Fig. 4D ). These data suggest that although high concentrations of NU3153 can be achieved in the tumor, the lack of improvement in pemetrexed efficacy is due to the modest inhibition of thymidine incorporation.
Discussion
The aim of the study reported here was to determine the biological activity of novel pyrimidopyrimidine nucleoside transport inhibitors derived from dipyridamole and to assess their ability to inhibit thymidine uptake and enhance antifolate antitumor activity in vitro and in vivo. At a fixed concentration of 1 μmol/L, all analogues were approximately equally potent inhibitors of thymidine transport compared with dipyridamole. Importantly, unlike dipyridamole, none of the analogues showed a reduction in potency in the presence of AGP.
In our previous investigations of nucleoside transport inhibitors, we had used a rapid (12 seconds) inhibitor-stop assay that, although it measured initial rates of equilibrative transport (21) , was technically challenging, required large amounts of cells and radiolabel, and produced a significant quantity of solid radioactive waste. We therefore investigated whether measuring thymidine incorporation over a 2-hour period might be an equally reliable and simpler assay. Both methods were compared in L1210 cells, and the data were broadly similar in both assays. When these data were compared with the ability of the compounds to reverse thymidine and hypoxanthine rescue of COR-L23 cells from pemetrexed-induced growth inhibition, there was slightly greater concordance with the thymidine incorporation data. We therefore believe that thymidine incorporation represents a simpler, less hazardous assay that is, if anything, a more reliable indicator of antiproliferative activity. It is possible that the high concentrations of thymidine needed to drive the transport assay force an abnormal nonphysiologic concentration gradient that would be toxic to long-term cultures and do not reflect the normal functioning of the transporters.
Complete reversal of thymidine and hypoxanthine rescue from pemetrexed-induced growth inhibition was achieved with all analogues. However, none of the analogues was as efficient as dipyridamole. This suggests that dipyridamole may have additional properties over and above its ability to inhibit nucleoside transport such as the ability to inhibit some of the drug efflux pumps, including ABCB1 (MDR1; refs. 9, 22), ABCC1 (MRP1; ref. 23) , and ABCG2 (BCRP), which can transport antifolates (24, 25) . The present study focused on inhibition of nucleoside transport as a strategy to improve antifolate activity, and it is not known if the novel analogues affect antifolate efflux and hence the intracellular concentration of pemetrexed. A concentration of 1 μmol/L of each of the inhibitors was required to inhibit rescue from pemetrexed-induced growth inhibition by 1 μmol/L thymidine in COR-L23 cells. This concentration of thymidine was selected as being similar to those observed in mice (26) . In cancer patients, plasma thymidine concentrations have been reported to be in the range of 50 to 900 nmol/L, although a recent publication suggests they are closer to 12 nmol/L (27) . Because the concentration of thymidine in mouse plasma is 1 μmol/L (26), it was anticipated that plasma levels of the inhibitors would have to be maintained at concentrations ≥1 μmol/L to inhibit thymidine uptake into mice bearing human tumor xenografts. Only NU3153 showed an acceptable pharmacokinetic profile, although limited solubility led to precipitation of the compound at the injection site, thereby limiting the maximum dose administrable. Interestingly, there seemed to be a difference in the pharmacokinetics of NU3153 between the two strains of mice used in these experiments. Although total plasma levels of NU3153 were in excess of 1 μmol/L for at least the first 6 hours in BALB/c mice, levels achieved in tumor-bearing CD1 nu/nu mice were 0.5 μmol/L or less and tumor-associated concentrations of NU3153 approaching those needed for in vitro rescue inhibition were only observed up to 16 hours. As a consequence, [ 3 H]thymidine incorporation into COR-L23 xenografts was only inhibited by up to 50% over a 24-hour period. Curiously, inhibition of thymidine incorporation remained at a more-or-less constant level of 40% to 50% irrespective of the tumor-associated concentration of NU3153.
The development of a prodrug of NU3153, with equivalent in vitro rescue inhibitory activity to the parent compound and improved aqueous solubility, allowed a much higher dose to be administered. The compound was rapidly converted into the parent compound, and there was a consequent increase in both the total plasma and tumorassociated concentrations of NU3153 and hence the time above the 1 μmol/L threshold. As observed in the previous pharmacodynamic experiment, there was an apparent difference in the two strains of mice, with lower levels of NU3153 being observed in the tumor-bearing CD1 nu/nu mice. Nevertheless, total plasma and tumor-associated levels of NU3153 were above 1 μmol/L for at least the first 16 hours. Unfortunately, these concentrations of NU3153 did not translate into an improved ability to inhibit thymidine incorporation into COR-L23 xenografts, which remained around 40% to 50% as in the previous study. This result was disappointing as in vitro studies suggested that thymidine uptake needed to be inhibited by ≥90% to prevent thymidine rescue from pemetrexed cytotoxicity. Thus, it would appear from our studies that 50% inhibition of thymidine incorporation is the maximum achievable using the approach studied here. This may be due to the tumor architecture, hemodynamics, or potential binding of NU3153 to stromal proteins. Consistent with the failure to inhibit thymidine incorporation by ≥90%, NU3166 failed to improve the efficacy of pemetrexed in the COR-L23 human tumor xenograft model. Although pemetrexed was administered as a single dose at weekly intervals, it is likely to persist in the tumor cells due to polyglutamation, which increases its activity against the target enzymes and retention within the target cell. Had NU3166 been given on a daily basis, persistent inhibition of thymidine incorporation may have afforded some additional activity. However, alternative schedules have not been investigated.
In conclusion, we have developed novel potent nucleoside transport inhibitors that overcome the AGP binding that limits the clinical efficacy of dipyridamole. These analogues show promising activity in in vitro studies. The development of a prodrug (NU3166) of the compound with the best pharmacokinetic profile allowed the administration of a dose that produced and maintained concentrations of drug NU3153 that were consistent with in vitro activity. However, inhibition of thymidine incorporation into the tumor was not sufficient to lead to an increase in the efficacy of the antifolate pemetrexed in a COR-L23 human tumor xenograft model. Clearly, improvements in the pharmacologic properties, or alternative schedules of administration, will be necessary to translate the promising "proof of principle" in vitro data into equally promising preclinical data that would justify the initiation of clinical studies.
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